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PIN-FORMED (PIN) transporters mediate directional, intercellular movement of the phytohormone auxin in land plants.
To elucidate the evolutionary origins of this developmentally crucial mechanism, we analysed the single PIN homologue of a simple green alga Klebsormidium flaccidum. KfPIN functions as a plasma membrane-localized auxin exporter in land plants and heterologous models. While its role in algae remains unclear, PIN-driven auxin export is probably an ancient and conserved trait within streptophytes.
Asymmetric distribution of the hormone auxin orchestrates many aspects of plant development. Auxin gradients are largely dependent on its directional (polar), cell-to-cell transport mediated by the asymmetrically distributed, plasma membrane (PM)localized PIN transmembrane auxin efflux transporters 1 . PINs are omnipresent in the genomes of land plants 2 and are functionally conserved between higher vascular land plants and bryophytes 3 . Land plants evolved from and are embedded in the streptophyte lineage together with freshwater green algae called charophytes 4 . While charophyte full-genome evidence is scarce, it is already clear that they possess and express PIN homologues [5] [6] [7] . They produce the major native auxin indole-3-acetic acid (IAA) and some related compounds 8 , and polar auxin transport was even shown in the morphologically very complex charophyte Chara corallina 9 . However, charophytes are just beginning to emerge as model organisms and the function of their PIN-like proteins has yet been unaddressed. The charophyte genus Klebsormidium with its filament-type multicellularity represents a sister lineage to the morphologically more complex streptophytes 4 . Klebsormidium nitens has been the first charophyte alga to have its genome sequenced and contains a single PIN homologue 5 , and at least one (KfPIN) is expressed in K. flaccidum 6 . The growth of K. nitens has been shown to respond to higher concentrations of exogenously applied auxins 10 . We decided to study the PIN/s of Klebsormidium species (particularly KfPIN) to gain insight into the evolutionary origins of the PIN family's role in auxin transport.
To address the properties of the KfPIN protein from K. flaccidum, where experimental options are limited, we used several land plant models well suited for studying auxin transport, namely the bryophyte Physcomitrella patens, the angiosperm Arabidopsis thaliana and the cell culture of Nicotiana tabacum cv. Bright-Yellow 2 (BY-2).
Stable expression of KfPIN or of its translational fusion to the green fluorescent protein (GFP) in P. patens under the control of a rice actin promoter (pACT::KfPIN or pACT::KfPIN:GFP) generated a phenotype similar to the one resulting from overexpressing its native or the A. thaliana PM-resident PIN proteins 3 and indicative of auxin starvation, such as growth inhibition and reduced gametophore initiation in protonemal cultures ( Fig. 1a-c) . In A. thaliana, CaMV 35S promoter-mediated stable KfPIN expression (35S::KfPIN) produced plants with impaired root gravitropism and abnormal leaf vasculature patterning ( Fig. 1d -g), phenotypes related to defective PIN-driven auxin transport [11] [12] [13] . Finally, oestradiol-induced KfPIN expression in BY-2 cells (XVE::KfPIN) produced markedly elongated cells ( Fig. 1h ,i), a hallmark of auxin starvation following upregulation of characterized angiosperm PIN auxin exporters 14 . Hence, strong KfPIN expression in all of these plant models causes growth reactions indicative of distorted auxin homeostasis, probably via changes in cellular auxin transport.
Next, we tested for auxin transport capability of KfPIN. The transgenic pACT::KfPIN:GFP protonemata of P. patens showed upregulated secretion of auxin into the culture medium ( Fig. 2a ). In A. thaliana, the PIN ectopic expression in root hairs is inversely proportional to their elongation 15 and the same effect was observed in 35S::KfPIN lines ( Fig. 2b,c ). Both of these results are indicative of auxin export activity 3 . The most direct evidence comes from the accumulation and retention assays of 3 H-labelled auxins, where BY-2 cells 14 and the oocytes of Xenopus laevis 16 are well-established models. When expression was induced in XVE::KfPIN BY-2 cells, these showed decreased accumulation of labelled auxins compared to non-induced controls ( Fig. 2d,e ). No differences were observed in the competition assay with the non-labelled auxin precursor tryptophan or in the accumulation of the inactive auxin analogue benzoic acid ( Supplementary Fig. 1 ). Of note, the KfPINmediated auxin efflux in BY-2 cells was less sensitive to inhibition by 1-N-naphthylphthalamic acid ( Fig. 2d,e ). In the non-plant frog model, plant PINs have been shown to export auxin when coexpressed with specific plant protein kinases such as PINOID (PID) 17 , and the same was observed for KfPIN in this system ( Fig. 2f,g The fitted gametophore emergence rate is 0.043 × 1.86 week and 0.0049 × 3.21 week of the WT rate in the pACT::KfPIN and pACT::KfPIN:GFP lines, respectively; the significance was determined by a likelihood ratio test (Df = 4, P < 2.2 × 10 −16 ). n = 8 biologically independent thalli of WT and 2 different transgenic lines. c, Quantification of the protonemal culture growth rate. The decrease in the transgenic lines compared to the WT was determined as significant by a linear model and tested by the F-statistic (line identity reduces the residual variability by 46%, F = 58.76, Df = 4, P < 2.2 × 10 −16 ). The one-week-old culture size was 65% and 64% the size of the WT in the pACT::KfPIN and pACT::KfPIN:GFP lines, respectively. n = 8 biologically independent thalli of WT and 2 different transgenic lines. d-g, A. thaliana. d, Gravitropic root bending in 8-day-old seedlings of the WT and 35S::KfPIN-expressing lines; two successive 90° rotations were performed for analysis; scale bars, 5 mm. e, A. thaliana lines expressing 35S::KfPIN showing decreased gravitropic response compared to WT (by 5.5° and 10.3° increase of the measured root bending angle after the first and second bends, respectively), as determined by a linear mixedeffect model and tested by a likelihood ratio test (first bend: χ 2 = 5.61, Df = 1, P = 0.0179; second bend: χ 2 = 4.91, Df = 1, P = 0.0267); n = 166 WT plants and 173, 126 and 263 plants of three independently generated transgenic lines. f, Examples of 'normal', the most commonly occurring vein pattern, and 'abnormal', not commonly occurring vein pattern, in 9-day-old A. thaliana primary leaves. g, Quantification of the presence of abnormal vasculature. There is a 3.82× increased presence of abnormal vasculature in 35S::KfPIN A. thaliana primary leaves determined by generalized linear mixed-effect models with binomial distribution and tested by a likelihood ratio test (χ 2 = 13.539, Df = 1, P = 0.00023). The points in the plot represent the proportion of abnormal leaves per plate with n = 136 WT and 201, 127 and 57 plants of three independently derived transgenic lines. h,i, N. tabacum BY-2 cells. h, Nomarski differential interference contrast of 2-day-old XVE::KfPIN cells, non-induced (left) and induced (right); scale bar, 25 µm. i, Cell size (diameter versus length) parameters; representative experiment from three biologically independent experiments (cultures inoculated separately); n = 2,460 (non-induced) and 2,008 (induced) individual cells in total. Elongation in induced cells increased by 53% as determined by a linear mixed-effect model with logarithmic transformation and tested by a likelihood ratio test (χ 2 = 1636.4, Df = 1, P < 2.2 × 10 −16 ). The boxes in all box plots show the 25%, 50% and 75% quartiles, the whiskers show the extreme values within 1.5× the interquartile distance and the individual data points are shown as dots. The asterisks above the plots show the significance level: *P < 0.05, ***P < 0.001. The letters a and b signify a between-group difference at the P = 0.05 level.
KfPIN transport activity by phosphorylation. Altogether, the results listed above strongly suggest a substrate-specific auxin transport function of the KfPIN protein. The above observations are consistent with KfPIN auxin transport action at the PM, leading us to investigate its cellular localization pattern. The pACT::KfPIN:GFP transgenic protonemal filaments of P. patens showed fluorescence at the PM, co-aligning with the marker dye FM 4-64 ( Fig. 3a) . The intracellular signal apparent in both the red and green channels is a common autofluorescence in protonemal tissue and does not reflect the specific transgene fluorescence 3 . Unlike the native PM-localized PpPINs 3 , KfPIN was not localized polarly. Following induction, the same fusion construct transformed into BY-2 cells under the control of an oestradiol-inducible promoter (XVE::KfPIN:GFP) resulted in a PM-specific signal, co-aligning with FM 4-64 staining, and a weaker endoplasmic reticulum signal probably resulting from the high expression rate (Fig. 3b ). Importantly, the induced XVE::KfPIN:GFP BY-2 cells also showed increased 3 H-labelled auxin efflux and developed the elongated phenotype indicative of auxin starvation ( Supplementary Fig. 1 ), correlating with the intensity of KfPIN:GFP fluorescence within individual cells ( Supplementary Fig. 2 ), which demonstrates functionality of the GFP-tagged version. Finally, A. thaliana plants transformed with the KfPIN:GFP translational fusion expressed under the control of the native AtPIN2 promoter (PIN2::KfPIN:GFP) revealed a PM localization pattern in roots, which was apolar ( Fig. 3c ), unlike that of the native AtPIN2 protein 18 and in line with the apolar KfPIN:GFP pattern observed in P. patens protonema. These results show that KfPIN expressed in land plant models localizes predominantly to the PM. With the use of land plants, we have obtained ample evidence concerning the auxin transport properties of KfPIN. Therefore, we strove to obtain supporting evidence in Klebsormidium. PCR with reverse transcription revealed a stable transcription pattern of the KfPIN homologue in K. nitens throughout a subculture interval ( Supplementary Fig. 3 ). To detect the native KfPIN protein localization pattern, we performed immunostaining experiments, having designed an anti-KfPIN specific antibody and adjusted the staining protocol 19 for the algal material. In the successfully stained cells, we observed a signal localized to the surface (Fig. 3d,e ), whereas none was observed in control experiments without primary antibodies ( Fig. 3f ) or with primary antibodies against A. thaliana PIN1 and PIN2 ( Supplementary Fig. 2 ). Immunostaining against α-tubulin served as a positive control ( Supplementary  Fig. 2) . The same anti-KfPIN antibody also produced a cell surface signal in the roots of 35S::KfPIN A. thaliana plants, which was absent in wild-type (WT) roots ( Supplementary Fig. 2 ). As Klebsormidium is non-transformable, we attempted to find direct evidence for auxin transport between the cells and the environment in WT alga by measuring the accumulation of 3 H-labelled auxins as in BY-2. These experiments were, however, technically non-feasible due to the probably prevalent IAA binding to the surface over entry into the cells ( Supplementary Fig. 3 ). However, in our investigation of the biosynthesis of auxin and its release into the culture medium throughout the subculture interval of K. nitens, we did detect IAA in both the biomass and culture medium, especially in the advanced stage of culture growth ( Supplementary Fig. 4 ).
Using land plant models, we show that the PIN homologue of Klebsormidium is capable of a substrate-specific auxin transport action at the PM, which is typical for the so-called canonical PIN proteins of land plants 20 . Unlike the canonical PINs, however, KfPIN could not localize polarly, which is a crucial mechanism to restrict the direction of auxin flow 1 laterally rather than at the cell-to-cell interface, which would suggest auxin efflux from the cells into the environment. We speculate that this might be the native function, as the morphologically simple filamentous structure of Klebsormidium, without polar growth or differentiated cell types during the vegetative phase, provides little justification for the necessity of localized auxin gradients to maintain cell identity or trigger developmental changes as in three-dimensional land plant bodies. This could also be the case in other charophyte algae, where PIN homologues have been identified regardless of morphological complexity, even in unicellular representatives 6 . The hypothetical purpose of the ancestral cell-to-environment auxin efflux might include quorum sensing or detoxification, as a higher auxin concentration inhibits cell division in Klebsormidium 10 . When auxin became a significant agent in plant developmental regulation, PIN-mediated auxin transport would also have become more complex, including the evolution of PIN polar localization to control its directionality. Intriguingly, the uniquely complex stoneworts (Charophyceae) might represent a case of convergent evolution of the recruitment of PINs to regulate an increasingly sophisticated development: multiple Chara species show evidence of independent PIN radiation 7 , polar localization of PIN-like proteins 21 and basipetal auxin transport 9 , although the last of these has not yet been connected to the native PINs. We conclude that PM-localized auxin transport is an ancient and conserved characteristic within the PIN family and that it emerged early in streptophyte evolution. The fascinating questions regarding the ancient and derived traits of PIN-mediated auxin transport, such as post-translational regulation by protein kinases and its utilization in separate branches of streptophytes, will be addressed as more model organisms, especially from charophyte algae, become sufficiently established in research.
Methods
The Supplementary Methods includes sections entitled 'Plant material and chemicals' and 'Microscopy and statistics' , and additional information concerning the sections below.
Molecular biology, transformation and reverse transcription. See
Supplementary Methods for the KfPIN and KfPIN:GFP cloning protocols and the primer sequences. See Supplementary Fig. 5 for the results of the analysis using quantitative PCR with reverse transcription. Total RNA was isolated from Klebsormidium ssp. biomass, P. patens fresh protonemal tissue, 2-week-old A. thaliana or 2-day-old BY-2 by Trizol (LifeTechnologies), purified with an RNeasy kit (Qiagen) and treated with DNAse (DNA-free Kit; Ambion). Iproof (BioRad) or M-MLV Reverse Transcriptase (Promega) was used for reverse transcription.
Phenotype analysis. Phenotype observation and evaluation in P. patens were performed as described previously 3 . Gravitropic root bending was observed 24 h after turning 4-day-old A. thaliana plants by 90°; the process was repeated once after the first screen. Primary leaves of 9-day-old A. thaliana plants were cleared as described previously 12 and categorized as having a 'normal' (four distinct compartments of the same or similar size) or an 'abnormal' (four compartments of markedly different sizes or >4 compartments initiated or finished) vascular pattern. The root hair length was analysed in 8-day-old A. thaliana plants. Cell parameters in BY-2 were measured in 2-day-old cells (since inoculation). Image analysis was performed in ImageJ.
Auxin transport and metabolism assays. Auxin accumulation and retention assays in BY-2 and X. laevis oocytes were performed as described previously 16, 20 . The absolute auxin export rates for three biological replicates in X. laevis oocytes were obtained as the slope value after linear regression of the three curves per variable (KfPIN versus KfPIN + PID). PID refers to A. thaliana PINOID protein kinase (GenBank NM_129019). For a negative control, oocytes were injected with water instead of messenger RNA. See Supplementary Methods for the analysis of the IAA content in the biomass and culture medium of K. nitens, and P. patens protonemata.
Immunostaining. KfPIN in A. thaliana and K. flaccidum (strain UTEX no. 323) was immunolocalized as described previously 19 using the automated InsituPro VSi station slide module (Intavis). Before the procedure, K. flaccidum cells were fixed for 1 h in 3.7% paraformaldehyde and placed on superfrost slides. The slides were then rinsed in pure methanol and subsequently in liquid nitrogen to improve the surface adhesion of the cells. See Supplementary Methods for antibodies.
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in this study, however, the target protein sequence is highly homologous among organisms, allowing for specific binding in multiple models.
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